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I. INTRODUC TIO N

The U n i v er s i t y  of Denve r , under  support by the United States A rm y ,

is involved in an exper imenta l  r e sea rch  program to observe and ident i f y

s t r a t o s p h e r i c  ions with a balloon-bo rne mass spec t rometer .  This e f fo r t ,

in i t ia ted  in Decembe r , 1972 , has included the desi gn , cons t ruc t ion , and

labo r a tc ry  tes t ing  of the requ i red flight instrument packages and , togethe r

with A r m y  scient is ts , the actual flig ht ope ration of the experiments. The

f i r s t  instrument package constructed , which met with catastrophic destruc-

tion in Septembe r , 1975 ,
2 has been described. The second instrument

pa ckage has onl y recentl y been completed and has made only one engineer-

ing flig ht to date. Some discussion of this apparatus will be presented

late r in this repo rt.

The in situ observation of ions in the stratosphere  is by no means

a t r iv ia l  task . In the f i r s t  place , the expected ion dens i ty4 at an alt i tude

of about 40 km is onl y of the order of 1O 3 ions/cm
3
, while the corre-

sponding neut ral densi ty is he re about 1O
17 

neut ra ls /cm 3. These fi gures

dictate the use of a hig hl y eff ic ient  ion detection system, and one which

will ope rate with a large neutral gas flow throughput capability. Second ,

ion species of the t ype H+(H 20) (i. e. ,  hydrated protons with ‘ n ’ in the

range of 2 to 6) are expected to be the major species present  in the

stratosphe re
4 in the altitude range of interest.  Such highly clustered

specie s are only weakl y bound , and the ion sampling system must thus

be ope rated in suc h a way as to minimize the destruction of these

clusters during the i r  detection. Finally, the “ ion sampling orif ice ”

must allow t ransmiss ion of a la rge and known fraction of the ambient

ion concentration. The present  indications are that it is this last

c r i t e r ion  which may be the most difficult  to satisf y.

Pre l iminary  labo ra tory  studies made with the f i r s t  fli ght instrument

package seemed to indicate that the ove rall ion sampling eff iciency was

orders of magnitude smalle r tha n the initial (and crudel y obtained) expec-

tation. A. the diff icul ty  did not appear to be unique to the Univers i ty
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of Denve r experiment, it was decided to propose a labo ratory stud y of the

ion sampling process. That is , can ions be made to pass f rom a 2

Torr  reg ion to a high vacuum reg ion throug h a small orif ice unde r the

influence of the neutral  gas flow th rough the o r i f i ce?

This report describes the results of these studies which we re

unde rtaken with United States A r m y  suppo rt (A RO Grant  /~DAAG29-76-G-

0122). The proposal to ARO for these studies outlined a program of

systematic  investigation of the ion t ransmission throug h small ape rtures

as functions of such pa rameters as or i f ice  material, orif ice diamete r ,

orif ice thickness , sampling pres sure , draw- in potential, and ion concentra-

tion.

Many such studie s we re pe rformed, some of which will be review-

ed in Section III of this repo rt. It was soon found , howeve r , that the

low ion sampling eff ic ienc y suspected from the prel iminary studie s made

with the flight ins t rument  was real , but could not be traced to any poor

choices in t e rms  of the orif ice pa rameters listed above. That is , the

behavior of the ion t ransmiss ion was not critically dependent on the

or i f ice  material  or configurat ion and behaved in about the expected way

with or i f ice  diameter.

As the prime motivation for these studies was to provide info r mation

to suppo rt the stratospheric ion densit y measurements, a decision was

made to sea rch for  the source of the low sampling efficiency problem

rathe r than to pursue the initial program goals in more detail. This

sea rch was begun with a mode ratel y extensive empirical analysis of the

ion sampling problem. This analysis  led to a possible explanation of

the ion sampling observations , at least in a qualitative way. The results

of this stud y are summarized in Section IV of this report .

The final task unde rtaken as a part of these studie s was an evalu-

at ion and optimization of the electrostatic ion optics required to move

the ions from the ion samp ling orif ice to the quad rupole mass spectro-

meter/p art ic le  multiplie r detector. A simple and yet remarkably eff icient
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ion-optical  focusing len. system resulted from these studies and was , in

fact , incorporated directl y into the second flight ins t rument. A discus-

s ion of this  system and some of its perfo r mance specif icat ions is present-

ed in Section V. Also included here  is a typical “ mass scan ’ obtained

with the total laboratory ion sampling system.

Section VI contains a summa ry of the ef forts  of this  program, indicate s

areas  in which the labo ratory evaluations have made contr ibut ions to the

total flig ht prog ram effo rt , and describes addi t ional  labora tory  work which

should be helpful to the ove rall program. Attent ion is now di rec ted  to a

brief description of the laboratory apparatus which was assembled for

these investigations.

II. THE LABO RA TORY ION-SAMPLING APPA RA TUS

The in s i tu  sampling of ions in the stratosphe re is accomplished

by the flig ht instrument package by drawing into the ins t rument  a small

volume of the atmosphe re and observing the ions present  in the volume.

Observat ion and ident ification of the ionic specie s is made with a quadru-

pole mass spectrometer /par t ic le  multiplie r detector ope rating in a hig h-

vacuum environment. The problem thus becomes one of establishing a

total system eff ic iency,  i. e. ,  the relationship between the detector count-

ing rate and the unpe rturbed ion density in the stratosphe re.

In the assembly of an experimental appa ratus to be used to investi-

gate the ion sampling problem in some detail , two c r i t e r ia  we re deemed

to be of conside rable importance. F i r s t , the experimental configuration

used for the stud y should be very simila r if not identical to the actual

flight ins t rument  configuration, at least in those areas pe rtinent to the

ion sampling procedu re. Second , the appa ratus should be s imple and easy

to work with and modif y, and should be one which could be put into

ope ration as soon as possible.

This latter requirement prohibited construction of a new vacuum

system facilit y specifically for these studies. Instead , an existing vacuum



4

tank , about 32 cm diamete r and 22 cm deep, was used. This stainless

steel chambe r was f it ted with a 15 cm diamete r m e r c u r y  di f fus ion pump,

cold ba ffl e , l iquid n i t rogen  trap,  and main vacuum valve , items borrowed

from othe r exper iments  in the labo ratory.  A fo repump was also made

available , as was a capacitance diaphragm manomete r and othe r pressure

measurement instrumentation. Thus , with the exception of the “plumb-

ing ” and fabricat ion of some special vacuum flanges to fit the vacuum

s~ stem ports (for the specific needs of these studies), 
the basic vacuum

apparatus was quickl y made available. Pressures of orde r io 6 
Torr

were easil y reached with the system in a few hours ’ pumping, and although

the system was not of optimum configuration for  this work , it did satisf y

most of the basic needs of the program.

The basic components of the laboratory ion sampling system itself

are shown in Fig. 1. All these components are , of course , contained in

the vacuum tank described above . At the left is s ituated a “high pressure

sampling cell” in which the pressure  can be adjusted between about 1 and

100 Torr to simulate various alti tudes in the atmosphe re . Within this cell
241

is an Am al pha pa rticle emitte r which is used as a source of ionization

for the studies unde rtaken he re. This source has an act ivi ty level of 700

microcur ies, producing about 2 .6  x ~~~ alpha particles/sec. with an ene rgy

of about 5. 5 meV. The position and orientation of this source within the

cell could be easily modified , as could the positions and orientations of

various othe r electrodes within the cell (not shown) to accomplish a var ie ty

of measurements and tests. The potential of the sou rce , any auxilia ry

electrodes, and the orifice plate itself could be controlled exte rnally.

The pressure  in the main vacuum tank was typically between fou r

and five orde rs of magnitude smalle r than tha t in the sampling cell ,

depending on the orifice size unde r investigation. As the gas flowed f rom

the sampling cell into the main vacuum tank , it rapidl y expanded into the

conical shaped region be yond the orifice.  Ions , swept along with this flow-

ing gas , soon find themselves in a “long mean free path” condition , whe re
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they can be e lec t ros ta t ica l l y accele rated , collimated , and focused into the

en t rance  ape r ture  of the mass spec t romete r .  Provided they are of the

quad rupole selected mass , the ions then t r a v e r s e  the spectrome te r , are

accele rated to seve ral keV , and are  counted b y an open-faced particle

multiplie r.

The detai ls  of two “t ypical’ sampling o r i f i ce s  are  shown in Fig. 2 .
6 .In 2a is found a cross  sect ion of a machined orifice  and in Zb a cross  section

of an o r i f i ce  which has been spotwelded into the or i f ice  plate . In the latte t.

case , the or i f ices  we re dril led or punched in thin sheet metal d i sks  before

spotwelding. A f t e r  i n s e r t i o n , t h e  e n t i r e  o r i f i c e  / o r i f i c e  p late

assembly was sometimes coated to insure a continuit y of surface con-

di t ions in the v i c i n i t y of the hole.

The o r i f i ce  plate materials  used we re hardened steel , ata inless

steei , and tungs ten  carbide. Separate orifices f rom nickel  and molyb-

denum we re t r ied , in most cases plated with chromium or sputte red with

molybdenum afte r t he i r  instal la t ion.  Detailed studie s we re not made with

the laboratory ion sampling system on all these or i f ices , but enough

data we re obtained f rom the ove rall program to suggest  that the choice

of mater ia l  or the details of the or i f ice  shape and configurat ion did not

have a gross  effect  on the sampling eff ic iency.

The ion optical system, composed of the electrodes between and in-

cluding the or i f i ce  plate and quadrupole entrance ape rture , resulted from

study of several  d i f ferent  confi gurations.  The configuration shown in Fig.

1, which will be described in mo re detail in Section V , was quite e f f ic ien t

and simple to cons t ruc t  and could be ope rated with onl y a few required

electr ical  potentials. In fact , some of the potentials used we re made

identical to othe r potentials required in the flight instrument pa ckage . The

reduction in complexity and weight of the flight instrument consti tuted a

secondary goal in te rms of the development of any items for the package .

For many of the studies unde rtaken during this  resea rch effo rt , the

ion optical system followed by the mass spectrometer/mult iplie r detector
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we re not employed. Rathe r , it was of i n t e r e s t  to dete rmine the total flux

of en t e r ing  ions as a funct ion of sampling cell p r e s s u r e , for  example , or

as a func t ion  of o r i f i ce  ma te r i a l . For such inves t i ga t i ons , the en t i r e

electrode s t r u c tu re was replaced with  a hi ghl y t ranspa rent  g r i d- g u a r d e d

Fa raday cup ion collector  ju s t  a f t e r  the o r i f i ce  plate . Var ious  t ype s of

Fa raday cups we re also used to col lect  ions which had t r a ve r s e d  one

ape r ture  or  anothe r to de t e rmine  var ious  ion collection and focus efficier i-

c ies .

All these var ious  e lectrode s t ruc tu res  we re made specif ical l y for  the

purpose of these studies as were the electrode suppo rts and a new ‘table”

to s it inside the vacuum tank . The mechanical aspects of the system

allowed the components to be changed quickly and yet preserve the coax ial

ali gnment symmetry along the axis of the sampling configuration. The

var ious  powe r supp lies , electrometers , and quad rupole e lec tron ics  for

making the s tudies  reported he re we re borrowed f rom othe r exper iments

underway  in t h i s  laboratory.  Thus the ‘ appa ra tus  and equi pment” demands

on the g r a n t  were  not extensive and it was possible to get the inves t iga t ion

going at an ear l y t ime. The ear l y f ind ings  of the p rogram are  now reviewed.

~~j THE INITIA L MEASUREMENTS

Most of the ea rl y measurements  made as part  of this research  effor t

we re d i r e c t e d  at inves t iga t ing  the total numbe r of ions t r ave r s ing  the o r i f i ce

as a func t ion  of the samp ling cell pressure .  To obtain these data , a Farad ay

cup wa s u sed to replace the ion op t i c s/mass  spec t rometer/mult ip lie r de-

t ec to r  combination shown in Fig. 1. Immediately in f ront  of the Faraday

cup was a hig hl y transpa rent f i n e- s c r e en  grid.  This gr id  was used to

s l ight l y acce lera te  the en te r ing  pos i t ive  ions to the Fa raday cup collector

and to suppress  any  secondary e lect rons  libe rated at the collecto r surface.
(I t  was also possible to use the g r id  to “ reta rd” the enter ing ions , the re-

by prov id ing  a c rude measure  of the enter ing ion energy. )
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The results  of a typical such stud y are shown in Fig. 3, whe re

the cu r ren t  of positive ions is plotted as a function of the sampling cell

pressure .  As noted , this stud y was made in N 2 
gas with a chrome plated

o r i f i c e / o r i f i c e  plate surface.  The orif ice diamete r was about 110 microns. 
8

Note that the measured ion cur ren t  enter ing the sampling cell is not

a s t rong function of pressure  in the region above about 40 to 50 Torr.

Below this pressure , howeve r , the current  begins to drop off more and

more rap idly with decreas ing pressure and seems to be approaching about

a cubic pressure  dependence below 10 Torr  or so. The sens i t iv i ty  limit

during these early invest igat ions was about IO~~~ amp, the measurement

data below this value being dominated by electrical noise. While the

results in Fi g. 3 extend up to about 100 Torr , it was , in gene ral , not

possible to go to this hi gh a pressure unless the smalle r aper ture  diam-

ete rs were being investigated. Indeed , even for these da ta , the pumping

system was being ope rated unde r an excessive gas load.

A ve ry c rude estimate of the numbe r of ions per second expected to

ente r the high vacuum region at about 40 Torr sampling cell pressure

(the procedures used in making such est imates will be reviewed in the

next sect ion) ,  gives an en te r ing  ion cur ren t  about twice as la rge as that

actuall y observed at this  p ressure . This kind of relative ag reement is

clearly within  the uncer ta inty  of the crude prediction and is taken to be

sat is fac tory .  On the othe r hand , the rapid fall-off of the entering ion

cur ren t  with sampling cell p ressure  in the 10 Torr region was initiall y

unexpected.

It had always been felt that the eff iciency for t ransmiss ion  of ions

throug h the orif ice would fall off rapidl y in the pressure  region whe re

the ion mean-f ree-path  became of the same order as the orifice diamete r

or la rger. In this low pressure region , it is difficult for  an ion to ne-

gotiate the or if ice without contacting the orifice plate surface during its

approach to or t rans i t  through the orifice. This low pressure condition

(which is ba s icall y the condition for establishing molecular flow th rough
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the o r i fi ce )  should app ly to the region below about 1 Torr  in Figure 3.

Thus the rapid fall-off of the measured ion cu r ren t  with p ressure  in the

10 Torr region occurs at about an order  of magnitude hig her pressure

than our initial (and as before , v e r y  c rudely obtained) expectations.

The dis turbing thing about this f inding was the fact  that the f i r s t

flig ht ins t rument  was designed to fl y at about 40 km whe re the atmospher ic

pressure  is of the orde r of 2 Torr. At  this pressure , the enter ing ion

current  shown by the data of Fig. 3 fell more than 2 o rders of magnitude

below what had been initially expected. The re was l it t le question but

tha t this type of behavio r was also responsible for the essential lack of

ions observed when this f i r s t  flight ins t rument  was tested in the laboratory.

It was initially postulated that the rapid fall-off of enter ing ion cur-

rent with pressure such as exhibited by Fig. 3 was the result of some

sort of surface/ e lec t r ica l  phenomenon. That is , it was felt that the surface

in the v ic ini ty  of the ori f i ce  sat at some effective potential relative to the

“at rest”  potential energy of a sampling cell ion , and this  potential ba r r i e r

was p roh ib i t ing  the ions f rom enter ing the immediate or i f ice  region. 
10

Such phenomena as contact potent ials , electr ochemical  potentials . and ion

image-cha rge potentials we re invoked to explain the results .

One “model” that received some ea rl y attent ion was that the effe c-

tive cross sectional area of the orif ice was being reduced by some electro-

surface phenomenon such as mentioned above. If one accepts the fact that

the surface in the or i f ice  vic ini t y may be charged , a “forbidden zone ” for

ions near  the surface can be postulated such that any ion finding itself

within some c r i t i ca l  distance from the surface will be at tracted to it and

thereby lost . The net effect  of such a situation , of course , would be

to reduce the effect ive orif ice area for ion transmission .

Two experiments came to mind to test this “ model. ” Firs t , the

neutral gas flow through the orif ice is approximatel y proportional to the
12

or i f ice  area. If , on the othe r hand , a “forbidden zone ” for  ion trans-

mission exists near the perimete r of the orifice , the entering ion current
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will not be proportional to the or i f ice  area . Second , if such a “forbidden

zone ” exists, its extent will probabl y be a function of the orif ice material

and geometrical configuration.

A stud y was made of the dependence of the enter ing positive ion current

as a function of the or i f ice  diamete r and sampling cell pressure .  The results

are shown in Fig. 4.

The lowe r curve shows the result  obtained for a 110 micron diamete r

orif ice , the same one used to obtain the data of Fig. 3. The line drawn

through the solid measured points is simply a “French-curve ” fit to the

data. The open circle and open tr iang le data points we re obtained by

subsequently inc reasing the orif ice diamete r to about 150 and 310 microns,

sequentially. This was accomplished by s imply enlarging the hole

diame te r with miniature  drills . This procedure was used in an e f fo r t  to

keep any othe r effects likely to be encounte red in changing from one orif ice

size to anothe r to a minimum.

The dashed curves situated ne~.r the data points for  the 150 and 310

micron  diamete r or i f ices  respecti ’~el y we re computed. That is , if it is

assumed that  the en te r ing  ion cur ren t  for the la rger  o r i f i ces  should scale

upwa rd from that obta ined for the 110 micron or i f ice  in the same way as

the neutra l  gas flow scales , these cu rves would result. Mathematically,

the express ion used was

I(P , D) = I ( P .d)[~~~~~~~ -] . ( 1)

whe re I (P . D) and I (P , d) are the enter ing  ion currents  for  the la rge

diamete r (D) and small diameter (d) orifices , re spectively, and f (P , d)

are their  relative conductances. 
13 Thus by computing the conductance

ratios and us ing the entering current  curve I (P , d) for the smaller orif ice ,

the projected currents  for  enla rged orifices I (P . D) we re dete rmined.

Within the combined uncer ta in t ies  of the computations and the mea-

su remen ts , the re is reasonable agreement between these measured and

computed results. The conclusion to be dra wn from such studie s is that
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the cu r r en t  of en te r ing  ions does scale , at least to wi thin  a reasonable

approximation, to the or i f i ce  neutra l  gas conductance. Consequentl y,

if the re is a “fo rbidden zone” of the type discussed above , its extent

must be rathe r small compa red to the or i f i ce  area.

To substant iate  this  conclusion , anothe r test was conducted. Two

rathe r diffe rent  o r i f i c e s , but of about the same diamete r , we re investi-

gated. One of these consis ted of an o r i f i ce /o r i f i ce  plate combination

which had been plated to insure surface cont inui ty; the othe r featu red

diffe rent materials. One had the feature s of a small hole in a very

thin-walled sheet; the othe r was more like a sho rt tube , or even a short

tube in ser ies  with an ape rture. One orifice was quite circular;  the

othe r somewhat mo re elliptical in shape. In short , the two we re about

as diffe rent as could reasonably be made and still preserve the basic

ove rall features of the typical orif ices shown in Fig. 2.

Within  the l imits of our abil i t y to compute the neutral gas conduct-

ance of these o r i f i c e s , the ion current  entering the hig h vacuum system

was direct l y propo rtional to the neutral  gas flow. Once again , therefore,

the concept of a “fo rbidden zone ” did not appea r probable , i. e . ,  the re

was lit t le evidence to support the suggestion that the rapid fall-off of

the sampling ion current  had any thing to do with any sort of surface

phenomenon , at least in te rms of its gross features.

In an attempt to gain some understanding as to how the effect of

small potentials on the or i f ice  surface might affect the ion t ransmiss ion,

studies of the type presented in Fig. 5 we re undertaken. He re is plotted

the cur ren t  of ions t rave rsing the or if ice as a function of the or i f ice

plate potential relative to the remaining walls of the sampling cell.

Note that the positive ion current  passing thrcugh the or i f ice  goe s

through a maximum at an or i f ice  plate potential of about 0. 25 volt.

(Caution should be taken he re in that the re may be a contact potential

diffe rence of up to about 0. 5 volt between the actual potential of the

orifice plate surface and that applied to this electrode. ) For mo re
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posi t ive  o r i f i c e  plate potent ia ls , the ion c u r r e n t  drops  rap idl y, approach-

ir .g ze ro  at about  +2 volts . This phenomenon is inte rpreted as the in-

abi l i t y of the po si t ive  ions to ove rcome th is  motion- reta rding potential

ba r r i e r as the neutral  gas flow pushe s them towa rds the orifice.

On the othe r hand , application of a ne gative potential  to the or i f ice

plate should draw posit ive ions towa rds the plate. In fact , it does , but

this also results in a decreased t ransmiss ion.  A detailed considerat ion

of the e l ec t r i c  field l ines in the v i c in it y of the or i f ice  itself indicates

that the field line s te rminate on the or i f ice  ed ge . Thus as the ions

approach the or i f i ce , they are accele rated towa rds this edge and are

lost at the surface as the y are moving through the or i f ice .  Hence onl y

those ions approaching the orifice near its axis (where the edge forces

are approximately balanced) will get through. These more or less

‘ cente red” ions are felt to be responsible for the “ ta i l”  on the ente r-

ing ion current  extending to la rger  negative orifice potentials .

It thus appears that the maximum ion orif ice t ransmiss ion  occurs

at or near  ze ro potential relative to the “at rest” potential at which the

ions a re  formed. Fur the rmore, small deviations on the orde r of a few

tenths of a volt f rom this  value do not have gross effects of the ion or i f i ce

t r a n s m i s s i o n.

A final example of the t ype of pa ramete r s tud y which was unde r-

taken dur ing the earl y pa rt of these investigations is the result shown in

Fig. 6. As mentioned near  the beginning of this section , the Fa raday cup

ion collecto r located just  inside the or i f ice  plate was fronted by a fine -

screen gr id .  Fig. 6 shows the effect of the potential applied to th is  grid

on the collected ion current.

Note that , for  negative grid potentials , the positive ion collector

cur ren t  is constant  beyond about -10 volts. He re almost all the ions

ente ring the high vacuum system through the orif ice are passing through

the gr id ’4 and be ing collected by the Fa raday cup. As the potential is

allowed to approach zero , the collector current drops slightl y, as some
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of the e n t e r i n g  ions , be ing  now a lmos t  total l y cont ro l led  b y the flow of

the expanding n e u t r a l  gas , reach a s u f f i c i e n t  “ o f f - a x i s ’ pos i t ion  to elude

the Fa raday cup. However , a t o r  v e r y  nea r  to ze ro  g r i d  potential , the

col lector  c u r r e n t  drops abruptl y to e s s e n t i a l l y  zero. This  indica tes  that

few , if any, of the e n t e r i n g  ions have h ig h k i n e t i c  e n e r g y  as , if the y did ,

the y would be able to overco me th is  reta rding potent ial  on the grid. The

conclusion was that  the en te r ing  iOf l8  are essent ia l l y at the rmal ene rgy

as they negotiate the o r i f i ce .

On the basis of the data presented in this  sect ion and the results

of othe r s imila r type studies , seve ral p re l imina ry  conclusions we re made.

F i r s t , it did not appear that  the choice of o r i f i ce  material  was of crit-

ical importance for  the ove rall ion sampling eff iciency.  Second , the ion

cu r r en t  pass ing  throug h the sampling or i f i ce  seems to scale approximately

with the neu t ra l  gas flow conductance of the or i f ice , i .e .  , the ion and

neut ral flow e f f i c ienc ies  we re about the same ove r the p ressure  range in-

ves t iga ted .  Final l y, small e lec t rosur face  or contact  potential effects

should not result  in g ro s s  changes in the total ion sampling ef f ic iency .

Thus , in a se n se , the sampling sys tem itself appeared to be ope rat-

ing in the way it was intended to ope rate. Rather  than s imply extend ing

the type s of measurements  presented here  to othe r orif ice mater ials

and/or  o r i f i c e  geomet r ica l  conf igurat ions , it was decided to look in more

detail  at the “expected” sampling cur ren t . Indeed , the re was little point

in spending grea t  amounts of time in attempting to improve the ove rall

system e f f i c i ency  if it we re alread y near  its optimum. This decision grew

into the mate r ia l  now presented.

LV . ANA LYSIS OF THE ION SAMPLING RA TE

As mentioned in the last  section , the cu r ren t  of ions en ter ing  the

hig h vacuum region f rom the sampling cell was about 1/2 of that  expected

in the p ressure  range above about 40 Torr.  In this  sect ion , the procedures

used to make such c rude es t imates  of the expected en te r ing  cur ren t  are
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f i r s t  r ev iewed.  A somewhat more deta i led  anal y s i s  of the equ i l ib r ium ion

dens i t y  in the sampl ing  cell is found in the latte r part of this section.

In the ion samp ling  cell of the labo ra to ry  ion sampling appa ratus

(see  Fig.  1), io ns a r e  c reated b y alpha pa rticle bomba rdment of the

sampling  cell  gas . As mentioned in Sect ion II , the Am 24’ alpha source

has an a c t i v i t y  level of 700 m i c r o c u rie s  producing about 2 . 6 x ,O~ alpha

pa r t i c le s f s e . For  purposes of computation , it has been assumed that

this flux is emitted isotropically in the hemisphe re, i.e. , in the 21T

ste rad ian solid ~~~~~ ...vailable f rom the plane of the source.  Thu s the

alpha part ic le  flux is given by

7 62.6 x 10 4. 1 x 10 2
F~ (r) 

~ 2 2 ~~‘a/cm sec, (2)
21r r r

whe re r is the d i s tance  f rom the source.

For an alpha pa rt icle e n e r g y  of about 5. 5 meV, the ionization effi-

c i ency  in a i r  along a path is

R~ ~ 2 .0  x ~~~ ion pai rs /a cm atm. ( 3 )

The volume rate of ion and e lec t ron  fo rmation is thus

(f); (-
~~

-)
F 

F~ R~ P (atm) ,  (4)

whe re P is the p re s su re  in atmosp he re s. Using the results of equations

(2) and (3)  and conver t ing  the p ressure  to Torr  give s

___ 
= f d n \ f i . i x io 8’

\ . . 3
d t  

F ~~ F r 2 P ion pa i r s/ cm sec, (5)

where P is in Torr .
0

M o s t  of the ion samp ling c u r r e n t  measurements undertaken we re

made with the alpha particle source about 2 cm from the orifice. Thus

if the pressure  dependence of equation (5) holds down into the 2 Torr
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region (this point will be discus~ ed in more detail later), of order 5 x

1O 7 
ion p a ir s / c m 3

-sec we re be ing  produced in the vicinit y of the o r i f i c e .

The ionic  species produced in the i o n i z a t i o n  are probabl y mostl y

electrons and molecula r ions. At pressures in excess of 10 Torr or so,

the primary mechanism for loss of the ions produced by the alpha pa r-

t i c l e  ion iza t ion  is pos i t ive  i o n - n e g a t i v e  charge  recombiria t ior .  The re-

combination rate w, for e lec t rons  and pos i t ive  molecula r ions ( d i M s o -

d ative recombination) is typically 2 x l0~~ cm
3
/sec. Recombination

rates for  posi t ive ion-negat ive ion recornbination are of compa rable

magnitude , so the convers ion of e lec t rons  to negative ions (b y some

attachment process)  should not appreciably alt ar  the recombination rate .

Because of the large magnitudes of these rates , th ree-body  recombination

does not d ras t ica l l y a l te r  the net recombination occur r ing  in the sys tem.
Since the net ion loss rate should be recomb ination dominated in

this  pressure  range , neg lecting all bue this simple effect  g ives

/ + \  2I d N  I + - +
d t ) ~ w N n ~ w [N j , (6)

where N
+ 
and n are the positive ion and electron (or negative ion) densities ,

which  a r e  of the same magni tude.  If this approximate ion loss rate is

now equated with the ion fo rmation rate of equation ( 5 ) ,  i. e. ,

( dN ~~\ - ( d N ~~\
d t  I F  

- 

~~dt I L  (7 )

one finds
+ 7 1/ 2N ~ l . 2 x 1 0  P . (8)

0
At a samp ling cell p ressure , for  example , of about 50 Torr , the equilib-

r ium ion dens i ty  N + is thus about 8. 5 x ~~~ ions/ cm 3
. If 1 cm 3 

of gas

is being conducted th roug h the or i f ice  per second , ( i . e . ,  a 1 cm 3
/sec

or i f i ce  conductance) an ion cu r r en t  of about 1. 3 x 10 
11 

ampe re should be
flowing through the ori f ice  assuming none of the ions in the 1 cm 3 

volume
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are lost in the process. The conductance of the 0.011 cm diamete r

or i f i ce  which was used to obtain the ion t ransmiss ion  vs . pressure  data

of Fig. 3 is , in fact, about 1 cm
3
/sec. The expected ion current of about

1. 3 x 10
.11 

ampe re at 50 Torr is about twice the observed value of 5

io~~
2 
ampe re. This kind of agreement is certainly within the accuracy of

the crude computations made (particularl y since including three bod y re-

combinat ion  and a more de ta i led  anal ys i s  of the ion r eac t ions  suggest  the

“expected” c u r r e n t  is about a factor of 2 high).

Of course , in this  hig h p re s su re  region , the mean- f ree-path  for

atomic col l i s ions  is ve ry  short , and is much smalle r than the o r i f i ce  dia-

mete r (X ~ dia . ) .  Here the ion motion should be rathe r comp le te ly domi-

nated b y collisions with the neutral  gas molecules. Thus the ions should

flow throug h the or i f i ce  along with the neutral molecules and f e w  are

likely to be lost dur ing  this t r ans i t .

Note tha t equation (8) says that  the ion densi t y in the samp ling cell

goe s as the squa re root of the cell p ressure . If the p ressure  is reduced

f rom 50 to 5 Tor r , the ion dens i t y should onl y go down by a facto r of 3

or so. Fig. 3, on the othe r hand , indicate s an ion cu r r en t  drop of about

2 o rders  of magn i tude  for  th is  p re s su re  change. The in i t i a l  inte rpreta-

tion of th i s  d i sc repancy  was that the “ ion t r ansmiss ion  e f f i c i ency ” was a

rap idl y fa l l ing func t ion  of dec reas ing  p ressure.

Some time was spent t r y ing to unders tand  th i s  phenomenon. For-

bidden zones (of the type descr ibed in the last Sect ion)  were postulated

for ions close to the cell or o r i f i ce  plate walls. It was recognized that

d i f fus ion  to the walls would be a serious problem in the v i c i n i t y  of the

walls and var ious  d i f fus ive  (and as mentioned , e l e c t r o s u r f a c e )  e f fec t s  we re

invoked to exp lain  this rapid decrease  in ion sampling e f f i c i e n c y .  This

e f fo r t  was unde rway at the same t ime  that the resul ts  descr ibed in the

last sec t ion  we re being obtained.

One of the ea rl y tests  which gave some insig ht into the nature of

the problem was the fact tha t , when mea 9urements  of the type presented
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in Fig. 3 we re made with negat ive  ions , the d rop-off of ion c u r r e n t  with

p ressure  was even faste r than for  p o s i t i v e  ions. (No a t tempt  was made

in these s tud ies  to sepa rate negat ive  ions f rom e l ec t rons . )  This and othe r

observa t ions  sugges ted  that  our s imp le-minded model for  computing the

expected ion concen t r a t i ons  in the sampling cell was i n s u f f i c i e n t  to give

even an approx imate  ion dens i t y in the cell below about 10 Torr .

One of the keys to i n t e r p r e t a t i on  of the ion sampling vs. p r e s su re

curves such as shown in Fig. 3 was found in cons idera t ion  of the fate

of the electrons which were produced in the initial alpha part icle ioniza-

tion col l i s ions . Th ree basic  mechanisms can be suggested to explain

the loss of these electrons;  namely, e lectron-posi t ive ion recombination ,

negative ion formation , and d i f fus ion  to the walls. While the diffusion of

ions was not conside red to be of great si gnificance in the 10 Torr  region ,

the d i f fus ion  of e lec t rons  cannot be ignored as the i r  d i f fus ion coeff ic ient

is some o r d e r s  of magni tude la rger  than that for  ions .

By t ak ing  som e typical  value s for  recombinat ion rates  between ions

and e lec t rons  ( i nc lud ing  three  bod y) and t ypical values for  some e lec t ron

a t t a c h m e n t  rate s to form negat ive  ions (again , three  body) it  was possible

to compute the “e lec t ron res idence  t imes ” in the sampl ing  cell agains t

these loss mechanisms.  That is , how long will an electron rema in f r e e

and unat tached~ It was also possible , using an electron diffusion coeffi-

c ient  given b y 15

D ~ 10 6
/P , (9)

to compute the e lec t ron  residence time against  d i f fus ion  in the cell. The

results of one such computat ion are shown in Fig. 7.

Note that  fo r  pressures  above about 10 Torr , the e lect ron residence

in the cell is l im i t ed  by negative ion formation. On the othe r hand , at lowe r

pressure s , the e lectron re s idence time is d i f fus ion  l imited. In te res t ing ly,

the electron residence time for ion-e lec t ron  recombination (which are  ion

dens i t y  dependent) do not l imit the residence time at any pressure .
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In the region between about 2 and 20 Torr , the electron residence

time is controlled by both d i f fus ion  and negative ion fo rmation as approxi-

mated by the heavy line in Fig. 7. Re sults of calculations such as these

are not to be taken as accurate  b y any stretch of the imag ination. Indeed ,

they are  dependent on the cell dimensions and confi gu ration (diffusion) and

by the gas pur i t y (a t tachment) .  Nevertheless , the data should g ive an app rox-

imate ident i f ica t ion  as to the fate of the initial  electrons.

The trend of the data in Fi g. 7 is , in fact , of conside rable signifi..

cance . At the lowe r pressure s , these results indicate that the electrons

dif fuse  away ve ry rapidl y. If the electron densit ies are res t r ic ted  by this

d i f fus ion  loss , the positive ions must also be diffusion limited as the re

are no negativel y charged particles a round for  them to recombine with.

Thus , even thoug h the diffusion coefficients for ions are o rders of magn i-

tude less than for  e lectrons ’5 , dif fus ion must still play an important role

in the ion densi t y dete rminat ion in the sampling cell.

Posi t ive  ion residence time s we re also computed. These results

are not shown as the y are even mo re approximate than those for electrons.

The gene ral features of the results , howeve r , are ve ry  simila r to those

of Fig. 7, i. e. ,  ion residence time s are recombination limited above about

10 Tor r  and di f fus ion l imited at lowe r pressures.  Maximum re s idence

times on the order of 0. 01 to 0. 1 sec are found in the 10 Torr region , as

compa red to the muc h smaller io
_ 6  

sec residence times for electrons at

this pressure.

Thus it appears that the simple computation of the sampling cell ion

densi t ies  (assuming recombination as the only lose mechanism) are not

valid at 10 Torr and even less valid at lowe r pressures.  In fact , the

actual computation of ion densit ies in the cell must be made from the

relationship

(dN~~\ (dN~~\ fdN~ \

~dt  I \ d t  I +
~~~~

-
~~
-

~~ 
(10)

Formation Loss by “ “ Loss by
Diffusion Recomb.
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This equation can be wri t ten  as

KN = ..D (d~~~_) + (w
zB + w 3B No) N

~
N

~~, ( 11)

where  N . N+ , and N are th: neutra l , posit ive ion , and negative ion

dens i t i e s , D is the ion diffusion coeff icient , and w and w are  the net
2B 3B

2 and 3 bod y recombination rates and K is a constant . 16 Note that the

diffusion te rm contains only the x coord inate der iva t ive  and that only one

species each of neutrals and ions has been allowed. Even in this gross

approximation, howeve r , equation ( 11)  is second orde r nonlinea r in N+ and

cannot be r igorously solved.

On the othe r hand , if ei the r the diffusion or recombination loss te rms

can be set to zero , a solution is possible. From data of the type present-

ed in Fig. 7 , an es t imate  of the range of validit y of these approximations

can be obtained. Thus , for  p re s su re  in excess of about 20 Torr , d iffusion

can be ignored and N
+ and N should be compa rable. Then

r KN
N~ = I ° I , (12)

Lw2B + w3B N j

a solution very  simila r to the init ial  estimates made in the pressure

range above about 40 Torr except that three body recombination has been

included.

In the region below about 2 Torr , the recombination te rm can be

igno red and the solution becomes

N~ (x) = 1/ 2 (D ~~) 
[d

2 
- x~~] 

(13)

whe re x is the coo rdinate measured along the axis of the ion sampling

system (see Fig. 1) f rom the cell cente r (x= 0)  and d is the distance from

the cell cente r to the front  of the orifice plate. 
17 Note tha t N +(x) is a

parabola , 
18 

with the largest occurr ing at the cell cente r as expected.
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Thus at low p r e s s u r e s , the pos i t ive  ion dens i ty  in the cell is pa rabolic

in coo rdinate x with  its maximum at the cente r of the cell. As the pressure

is increased , the recombination l imited value given by equation ( 1 2 )  is reached ,

at which t ime the ion dens i ty  become s approximatel y constant  ove r the cente r

po rt ion of the cell. As the p re s su re  cont inues  to increase , t h is  “constant

densi t y” region expands to f i l l  most of the sampling  cell volume.

In the low p r e s s u r e  regime , the flax of ions reaching the or i f ice  plate

f ront  surface  is g iven f rom dif fus ion theory  as

J(x) = -D (
~

) . (14)
at x= d 

-

Using equation (13)  fo r  N+ and evaluating leaves

J(x) = KN d. (15)

If the assumption is now made that if an o r i f i ce  is present  in this  plate

and flux J(x) is inc ident  on the or i f ice  area , these ions will go on through

the o r i f i c e , the e n t e r i n g  ion cu r ren t  will be

+ 2
I e (KN d ) (ha ) (16)

whe re ha
2 

is the o r i f i ce  area and e the electronic  charge unit .

In th is  low p res su re  l imi t , the motion of the ions is ent i re ly in the

± x d i r ec t i on  in our model. Thus the onl y ions which can t raverse  the

o r i f i c e  are those in a “ tube ” having the same diamete r as the or i f i ce  and

extending into the cell f rom the or i f ice  plate.

This is , of course , an app rox imation. In fact , the presence of the

or i f ice  in the o r i f i c e  plate gives rise to a pressure  gradient  radiall y towa rds

the or i f ice  from e v e r y  point in the cell. The re is the refore a net velo-

cit y of the gas molecules in a d i rec t ion  towa rds the orif ice.  It is onl y

unde r the condit ions that the d i f fus ion  velocity in the x direct ion is much

larger  than the radial p r e s s u r e  g rad ien t  flow velocit y that  equation (16) is

valid. While the procedures  used we re onl y approximate , it was estimated

that th i s  condi t ion was reasonabl y sat isf ied 8o long as the pressure was

below about 1 Torr.
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On t he other hand , at p r e s s u r e s  above about 20 T o r r , the p ressu re -
g r a d i e n t- g e n e rated flow v e l o c i t y  of the neu t ra l  gas molecules is subs tan-
t i a l l y l a r g e r  tha n the now m u c h- d i m i n i s h e d  d i f f u s i o n  ve loc i t y. Thus , as

in  our  e a r l i e r  s imple  model , t he ion motion is dom inated by the neutral
gas flow and,  fo r  a 1 cm 3

/ sec  co nduc tance  o r i f i c e , about 1 cm~ of gas
f r o m  the h e m i s p he re  a round the or i f i c e  e n t e r s  the sys tem c a r r y ing the
io ns along. The e n t e r i n g  ion c u r r e n t  is thu s

= e f ( P )  N’
~ , (17 )

whe re , as before . f (P)  is the o r i f i c e  conductance .

The computations made with  equat ions  (16)  and (1 7)  for  the en t e r ing

ion c u r r e n t  are  compa red w i t h  that measured for  02 gas wi th  an 0 .031 cm

diamete r o r i f i c e  in Fig.  8. (Oxygen was used for  many s tudies as it readi-

l y fo rms  n e g a t i v e  ions , and the ef f e c t i v e  recombinat ion  rates can be bette r

es t ima ted  than for  a samp le in which  most of the negative ion format ion

must  come f rom i mp u r i t i e s .

Note that  in  the 40 to 50 Tor r  region , the measured en ter ing  cu r r en t
is app roach ing  the  value cor.~puted a s suming  the ion d e n s i t i e s  in the samp l-
ing cell a re  r e c o m b i n a t i o n  l i m i t e d . Below th i s  p ressure , howeve r , the
measured  c u r r e n t  drops rapidl y and appears to .  be approaching the lowe r
cu rve in the 2 Tor r  r e g ion , the reg ion whe re th i s  d i f f u s io n  l imited samp l-
ing cell ion d e n s i t y should beg in  to become applicable . It is wor th  no t ing
tha t , while the computed curves  are  qui te  approximate in absolute value ,
the results  shown he re are  absolute , and have not been normalized to the

measured resul ts .

It thus appears that  the rapid fal l -off  of the en te r ing  ion cur ren t

can be la rge ly  a t t r i b u t e d  to “ b r i d ging  the gap” between the p ressure  regions
whe re the ion d e n s i t i e s  in the samp ling cell are  d ic ta ted  b y these two

phenomena .

The shape of the e n t e r i ng  ion c u r r e n t- v e r s u s - p r e s s u r e  curve will
c e r t a i n l y be a f u n c t i o n  of the appa ratus used for the measurements .  As such ,
these resul t s  need not appl y to the s i t u a t i o n  occur r ing  in the atmosphe re
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with the actual  f l ig ht i n s t rumen t . On the othe r hand , the re appears to be

little quest ion that  d i f fus ion  effects  may have a s i g n i f i c a n t  influence on

the s t r a tosphe r i c  measurements, a point  which will be discussed in mo re

detail in Section VI.

The shape of th i s  curve may also be af fec ted  by othe r phenomena.

For example , the alp ha particle ionizat ion process may not depend on

pressure  according to equation (5).  As much of the total ionization from

such a technique stems f rom secondary electron production (i. e. ,  whe re

the p r i m a r y  electrons produced have suff ic ient  ene rgy to furthe r ionize

the target  gas) ,  the range of the p r imar ies  becomes important. At lowe r

pressure s , these in i t i a l  e lectrons may encounter the cell wall befo re produc-

ing additiona l ionization.

Wall effects have also been igno red . That is , secondary electrons

from alpha pa r t ic le-wal l  collisions could be having an influence on the measur-

ed cur ren ts .  Various electrode configurat ions we re employed in the ion

sampling cell to test  for some of these potentially troublesome effects.

While these tests we re neve r completed , these workers found nothing which

would seem to invalidate the results presented.

Neve rtheless , these workers  present the data of this section with con-

s ide rable hesi tancy.  It must be s t ressed  that the thoughts presented are

only of a prelimina ry cha racte r. Many t roublesome problems exist and

we re s imply not prope rl y evaluated because of lack of time. The model

presented to explain the observed results conta ins many uncer ta in t ies  and ,

while giving a reasonable answe r , can ha rdl y be regarded as ver i f ied.  In

sho rt , this model must be rega rded onl y as “a possible explanation ’ at this

time.

In addition , these workers  are not willing to conclude that the shape

and mater ia l  of construct ion of an or i f ice  will have neg ligible effect  on

the ove rall sampling eff ic iency.  Factor-of- 2 kinds of diffe rences could

easily be possible for var ia t ions of this kind. Nevertheless, it seems

unlikely that the gross  features of the entering ion cur ren t-ve rsus-pressure

curves presented here can be at t r ibuted to such effects.
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V. THE ION OPTICAL SYS TEM AND QUADRUPOLE MASS SPECTROMETE R

The ion optical sys tem w h i c h  was developed to br ing  the ions f rom nea r

the sampling o r i f i ce  to the quad rupole mass spec t romete r/pa r t ic le  multipl ier

detector  was presented in Fig. 1. This electrode a r r angemen t  was found

to be easy to cons t ruc t  and keep in a l ignment , to have a large ion trans-

miss ion e f f i c i ency,  and to be ope rable wi th  some of the same voltages re-

quired elsewhe re in the flig ht ins t rument  package .

Note f i r st  the reg ion between the back side of the o r i f i ce  plate and

the ion accele ra t ing ape rture . The e lec t r ic  field in th is  reg ion is s imi lar

to that between a flat plate and a cone in anothe r fiat plate . Here the equi-

potential sur faces  tend to fla re down into the cone recess . This g ive s rise

to a force on an en te r ing  ion which always has a component towa rds the axis

of the system. Thus , this  a r rangement of these two electrodes is basicaU y

a focusing configurat ion.  It was typical  to ope rate the ion accele rat ing

electrode at a potential of 10 volts relative to the or i f ice  plate . Keeping

this  acce le ra t ing  potential small is impo rtant from the viewpoint of prevent-

ing the c luste r  ions entering the appa ratus in the s t ra tosphe re f rom being

die soc iated in high-ene r g ,  collisions.

The combination of electrodes fo rmed by the ion accele ra t ing ape r ture ,

the ion focusing electrode , and the quadrupole ent rance ape rture have rathe r

s imi la r fea ture s to an Einzel  lens. By applicat ion of a potential to the

ion focus ing  electrode , the ions coming throug h the ion accele rating ape r-

ture  can be made to focus on the quadrupole ent rance ape rture . As is the

case with an E inze l  lens , the ion focusing electrode can be ope rated in eithe r

an accele rating or decelerating mode , depending on the potential applied.

In gene ra l , lowe r applied potentials (and thus lowe r ion ene rgies)  lead to

the decelerating mode ope ra tion which is used he re .

Under reasonabl e ope rating conditions , 65 to 70% of the entering ions

can be made to enter  the quad rupole mass spectrometer. This hi ghl y effi-

cient system is accomplished , as mentioned above , with application of

potentials which do not exceed 10 volts , a fact which should keep cluste r

dissoc iation to a minimum.
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The ion-optical system which was developed for this laboratory ion

sampling apparatus was so successful  that it was incorpo rated directly into

the second flight instrument package.

The quadrupole mass spectromete rs used for  th is  stud y and for  the

actual f l ight  measurements  a re  comme rcially available ins t ruments .  20 He re

again , the actual  f l ight  quadrupole was tested , togethe r with the ion optical

system described above , in the labo ra to ry  facil i t y. In gene ral , it was

found to be far easier to accomplish such evaluations in this  test  appa ratus

than in the actual flig ht ins t rument  which was designed for i n - f l i g h t  specifi-

cations (convenience of laboratory ope ration not being such a specification).

As an example of the mass-scan data obtained with this appa ratus , the

data of Fig. 9 are presented. These results , taken with a room a i r  sample ,

we re rathe r su rp r i s ing  to these wo rkers in tha t not a s ing le trace of the

pr i m a r y  ions (which must have been N2
4 , O2

+
~ etc.) remain amongst the

sampled ions. In fact , many of the peaks shown we re also present when

runs we re made with  “ pu re” A r  ta rgets , and are probabl y the result of
2 1

vacuum line impuri t ies .

The h ydrated proton peaks of mass 55 , 73 , 91 , and possibly 109 amu

are tentat ively identified as the f i r s t  4 peaks . The la rge mass peak at about

300 amu is not identified.

On anothe r occasion, when the system was ope rated immediately afte r

some new electrodes had been installed in the ion sampling cell , the only

peak present in the mass scan was about mass 115 to 120 a mu. While

identification was not pos itive , it was remembe red that just pr ior  to instal-

lation , the new electrodes had been cleaned in acetone (CH 3COCH 3). and an

acetone ion-neut ral molecule cluste r (mass 116 amu) could be responsible

for the ion observed.

The point of presenting such results is to show that cluste r ions , even

though the i r  species is unknown, are able to survive as clusters during the

sampling process . The masses 55 to 109 amu shown in Fig. 9 are onl y

bound by typically 0. 5 eV ene rgy. Nevertheless, they seem to have survived

the sampling process quite well , and the re is little reason to doubt that a

simila r s i tuat ion will occur in the stratosphe re.
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VI. SUMMARY AND DISCUSSION

At the time the proposal for  these studies was wr i t t en , the “ low

ion sampling e f f i c i ency ” which  had been observed during laboratory

test ing of the f l ight  mass spectromete r package was at t r ibuted to an

inab i l i t y  on the pa rt of the ions to su rv ive  t raversa l  of the ion sampl-

ing or i f ice.  It was thus p roposed that a s tud y of ion t r ansmiss ion  through

small or i f ices  be conducted for a var ie t y of orifice s izes , configurations ,

and materials  of construct ion.

Prel imina ry studies , made with the labo ratory ion sampling appa-

ratus built  up for this  inves t iga t ion , indicated that the “low sampling

eff ic iency” was not p r i m a r i ly the fault of any poor choices of or i f ice

diamete r , configuration , or material. This discovery changed the course

of the present research  effor t  which was to provide labo ratory support

data for the Un ive r s i t y of Denve r s t ra tospheric  ion dens i ty  measurement

progra m.

A somewhat detailed analysis  of the rates of production and loss of

ions in the sampling cell was unde rtaken. ft was shown that the ion loss

mechanisms of importance are recombination at highe r pressures and

dif fus ion  at lowe r pressures .  The results of some c rude calculations

and some ion sampling measurements are presented to support the model

discussed.

The research effort  was concluded by the design and testing of suitable

ion optics for  use in the flight instrument package. A simple and yet

hig hly ef f ic ien t  system resulted from these efforts  and was shown to be

compatible with the quadrupole mass spectromete r to be used during the

stratosphe n c  measurement  prog ram.

A fundamental question pe rta ining to the sampling of ions f rom the

stratosphe re has been raised by these studies. If the model suggested he re

for  explaining the “ low ion sampling eff ic iency” in the labo ratory appa ra-

tus is correct , the role played by ion diffusion in the sampling process is

of cr i t ical  impo rtance. As such diffusion effects are very dependent on the
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geometry of the sampling system , the present  laboratory  apparatus is poorly

suited to evaluate the effects  of d i f fu s ion  likely to occur in the atmosphere .

For the f l igh t  i n s t rumen t , the ion sampling orifice lies in the center

of a large metal ‘ plane ’ which is facing downward . If there is no motion

between the i n s t rumen t  package and the surrounding medium , the ion de n-

sit ies in the vic ini ty  of the orifice will undoubtedl y be s igni f icant ly  reduced

by diffusion.  On the othe r hand , the motion of the residual atmosphere up,

down , or sideways relative to the package will each change the diffusion

loss and thus the overall ion sampling efficiency.

Many of the above atmosphere-package relative motions could be

simulated in the laboratory by “blowing” air  at a large plate containing the

orifice. U nfortunately, the present  apparatus is not nearl y large enoug h

to accommodate such experiments, having been designed for a different

typ e of measurements .

Nonetheless , it appears that  the role played b y diffusion in the strato-

spheric ion dens i ty  measurements must  by clarified if the results of the

measurements  are to be quantified .

Thu s the laboratory ion sampling stud y has made some important

contributions to the overall stratospheric measurement program. Firs t ,

an efficient ion optical system was developed for the fl ight  ins t rument  and

was tested , together with the mass spectrometer/particle detector , under

conditions c omparable to those used in flig ht. Second , it was shown that

the orifice ion t ransmiss ion  is not strongly orifice configuration or orifice

material  dependent and varied approximately as the neutral gas flow con-

ductance . It was also shown that the role of ion diffusion in the sampling

process is substantial , and that effor ts  to fly at lower altitude ( requir ing

more pumping speed) should be made as diffusion losses fall rapidly with

inc reasing pressure.

Additional laboratory studies (both experimental and theoretical) on

the effects  of dif fusion on the sampling process are needed if the results of

any stratospheric measurements are to be placed on an absolute basis. It

is probable tha t these authors will propose such studies when the resul ts  of

upcoming stratospheric ion density measurements become available.
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VII. APPENDIX

C ruc ial to the numbe r of ions which can be sampled f rom the

atmosphere or in the laboratory is the neu t r a l  gas flow conductance of

the sampl ing or i f ices  used. The techniques used for  evaluating such con-

ductances in th is  stud y are  he re reviewed.

The conductance throug h an inf in i te l y thin-walled o r i f i ce  of cross

section area A in the molecula r flow l imit  was deduced by Knudsen22 to

be 

1MFL 
3. 638A ( T / M ) ~~

2 , (18)

whe re T is the gas k ine t ic  tempe rature and M the molecula r weight of the

gas i~ i amu.

It is , of course , not possible to construct  an or i f ice  in an infinitely

thin wall; in fact , such or i f ices  must be considered to be short  tube s. A

multipl icat ive factor K , the Clausing correction, must thus be incorporated

into equation (18) of the form 23

K = 
~~ + t / Z r  

(19)

whe re t is the wall th ickness  and r the or i f ice  radius. Clausing factors

K were onl y crudel y determined for these studies due to the complexities of

the or i f ice  conf igurat ions  used he re , and gene rall y ranged be tween about

0 .5  and 1.0.

Liepmann
24 has investigated the dependence of the or i f ice  conductance

on pressure  in the transi t ion flow and viscous flow regions . These results ,

shown as the ratio of the orifice conductance to the or i f ice  conductance in

the molecular flow limit , are shown in Fig. 10, plotted aga inst the flow

Knudsen numbe r ( ra t io  of mean-free-path to orif ice diameter).  Note that

Liepmann ’s results , the solid data points , trend smoothly f rom near 1. 0

to 1. 5 in the viscous flow regime.

The curve drawn th rough the data of Fig. 10 is the present f i t  to these

data resulting from a conductance of the form
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f(P , r) 5. 56 x l0~ { 1 - 0. 3 3 3 ( X / r )  [i - e~~~’~~J }  K r 2 
, (20)

whe re the Clausing factor  K has been se t to uni t y. Equation (20)  was used

in the computation of conductances for  the studies reported he re.
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